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 Overall harmonic distortion and losses will grow during an energy 

conversion process, while power stability will be reduced. Multilevel 

inverter technologies have recently become very popular as low-cost 

alternatives for a variety of industrial purposes. The design's minimal 

benefits include reduced component losses, decreased switching and 

conduction losses, along with enhanced output voltage and current 

waveforms. Also, a reduction of the harmonic components of the current and 

output voltage of the inverter are the most important requirements in 

multilevel inverters. A seven-level inverter design is presented in this paper 

that is simulated using MATLAB/Simulink. The inverter converts the DC 

voltage from three photovoltaic (PV) systems into AC voltage at seven 

levels. During an outage of one of the PV systems, the inverter will make a 

switching reduction and supply the AC voltage as a five-level inverter. The 

inverter’s total harmonic distortion (THD) when it performs as a five-level 

or seven-level inverter is 4.19% or 1.13% respectively. The modulation 

technique used is phase disposition via six carriers and a single reference 

signal at the fundamental frequency. 
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1. INTRODUCTION 

Since traditional energy sources are being rapidly depleted and their use has brought negative 

environmental consequences, renewable energy sources (RES) have become popular alternatives for energy 

generation [1]. The quantity of energy generated by renewable energy resources varies throughout the day and 

optimizing the supplied energy is crucial [2]. Solar radiation intensity affects the output of a photovoltaic array. 

Consequently, variations in this factor must be handled effectively by such systems. It is necessary to modulate 

the output system DC voltage and current to operate a PV system so that it can achieve its maximum power 

point (MPP) [3]. The most significant challenge that an RES may face is creation of electrical energy in the 

form of a DC power source that needs conversion devices to transform it into AC power. 

Multilevel inverters (MLI) are normally employed at the DC output ports on an RES. This is done to 

transform DC electricity into AC power as well as to improve power quality and reliability [4]. Improved 

https://creativecommons.org/licenses/by-sa/4.0/
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current and output voltage waveforms, reduced electro-magnetic interference (EMI), compact size, and 

decreased total harmonic distortion (THD) are advantages of MLIs [5]. The use of MLIs is an attractive 

approach to construct stand-alone inverters that operate at a few kilowatts [6]. Three major multilevel 

inverter topologies are utilized in commercial processes with distinct DC sources. These inverter types are 

diode clamped, flying capacitor and cascaded H-bridge. There is difficulty with capacitor voltage balancing in 

the flying capacitor and diode-clamped inverters, but this issue is resolved in cascaded H bridge inverters [7]. 

To determine the voltage levels for traditional multilevel inverters, the relation (2h+1) is used [8], where (h) 

is the number of bridges. This means that to produce seven voltage levels, 3 H-bridges are needed, requiring 

a total of twelve switches. Twelve switches and three DC sources are needed for conventional cascaded 

seven-level multilevel inverters. The fundamental disadvantage of conventional cascaded inverters is that 

when the number of levels increases, more semiconductor switches are required. Therefore, certain changes 

will be necessary to decrease the inverter size and turn it off [9]. MLI switches determine equipment cost, 

circuit size, and installation dependability, as well as control complexity. In classic MLIs, inverter size and 

cost increase with the output voltage level. The current study shows that MLIs with fewer switches can more 

inexpensively provide many output levels. An MLI with fewer the switches reduces switch voltage stress 

while simultaneously enhancing safety against over-voltage and dV/dt failure [10].  

In work presented by Archana and Anupamma [11], a MLI supplied for renewable energy sources 

(wind and solar energy) was modeled in a stand-alone system using MATLAB/Simulink software, with 

varying wind speeds and sun irradiation. The major benefits of MLIs were identified in the research by 

Nouaiti et al. [12] who created a design with two parts. The first is a DC/DC boost converter powered by PV 

cells. It is divided into two stages, an amplification stage with switched capacitors and a standard boost 

chopper stage. The second section of the design is a five-level inverter with two carriers and one reference 

signal for PWM for switching devices. A 200 W prototype is designed, powered by PV panels, to supply an 

inductive load. The design is subjected to simulation and experimental testing. A T-type seven-level inverter 

was proposed by Mohammed et al. [13]. It was a seven-level MLI designed for renewable energy sources. 

Based on the modulation technique used, the number of levels can be changed according to variation of the 

modulation index value. Azeem et al. [14], introduced a single-phase seven-level packed u-cell (PUC) 

multilevel inverter was connected with a zeta converter for PV applications, using solar energy systems as 

power sources. In comparison to traditional systems, the developed system minimizes switching losses, THD, 

cost, and size while improving output waveforms. Redesigned MLIs are promising options for PV solar 

systems and other renewable energy systems [15]. Novel converters are employed to increase energy 

conversion in present energy systems. The characteristics of MLIs were summarized in work presented by 

Sathik et al. [16] to underline the importance of grid-connected and PV systems. The current study addresses 

MLI size, cost, lower THD, and high conversion efficiency. Considering the above benefits of using switch 

reduction technology, this work built and implemented a single-phase MLI based switch reduction 

technology employing three PV sources in a stand-alone system. This study uses a novel switching 

mechanism and pulse width modulation (PWM) to develop seven output voltage levels employing seven 

switches. Also, it is possible to easily shift from seven levels to five levels without changing the peak value 

of its output voltage. In this study, three PV-solar systems are offered as power sources and modeled using 

the MATLAB/Simulink tool. The three PV sources are (1/3 Vdc, 2/3 Vdc, and Vdc) to create seven voltage 

levels. This paper has been organized as follows: An introduction is presented followed by a system 

description which includes (system components configuration, PV system, boost converter, and multilevel 

inverter), simulation results, and conclusions. 

 

 

2. SYSTEM DESCRIPTION 

2.1.  System component configuration 

Three distinct PV solar systems connected using a DC-DC boost converter (1/3 Vdc, 2/3 Vdc, and 

Vdc) are recommended, as depicted in Figure 1. Voltage levels from the PV voltage to three voltage levels, 

1/3 Vdc, 2/3 Vdc, and Vdc, are increased with a boost converter. Each PV system is connected in parallel to 

the main switch. PV-1 is connected to switch SP1, PV-2 is connected to switch SP2, and PV-3 is connected 

to SP3. The switches (S1 to S4) work alternately to produce seven voltage levels. This seven-level output 

voltage was generated by combining the DC sources (+Vdc to -Vdc). If one of the PV systems (PV-1 or PV-2) 

fails, the recommended circuit will function with two PV systems to generate five voltage levels. Otherwise, 

a seven-level voltage will be produced. An LC filter was designed in this study to improve the output voltage 

by reducing the harmonics and make the outputs (voltage and current) as purely sinusoidal as possible. 
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Figure 1. The proposed system configuration 
 

 

2.2.  PV system 

Light is converted into power via photovoltaic cells arranged in arrays and panels. Whenever 

exposed to light, individual cells act as diodes, producing electron-hole pairs. Flows of electrons and holes in 

the electric material are created by the diode's n-p junction and they are forced out, due to the interface 

potential, into an external circuit. Thermal losses result from the parallel resistance of cells and leaked current 

at n-p junctions [17]. Weather, sky conditions, temperature, and the location of the sun all impact solar 

irradiation. Each of these factors introduces much fluctuation in the output voltage and current, leading 

to non-linear behavior. To counteract this, a step-up converter employs an MPP tracking (MPPT) approach to 

realize maximal power output [18]. 

PV cells are fabricated from p- and n-type semiconductor materials. In practice, PV cells are diodes. 

When they are exposed to light, the photovoltaic cells create a current. Generally, PV modules require many 

solar cells connected in parallel and series to achieve sufficient voltage and power [19]. A forward-biased 

parallel diode connected to a current source is represented in Figure 2 [20]. A PV-cell’s load current is given as: 
 

𝐼 =  𝐼𝐿 − 𝐼𝐷 − 𝐼𝑆𝐻  (1) 
 

𝐼 =  𝐼𝐿 − 𝐼0 ∗  [exp ( 
 𝑞 𝑉𝐷

𝑛𝑘𝑇
− 1) −

𝑉𝐷

𝑅𝑆𝐻
]  (2) 

 

where 𝐼𝐿  represents the photovoltaic current in amps, 𝐼𝐷 is the diode current in amps, 𝐼𝑆𝐻  represents the shunt 

resistor current in amps, 𝑉𝐷 is the diode voltage in volts, 𝐼0 represents the reverse saturation current in amps, 

q is the electron charge, (1.6×10-19) (C), and k represents the Boltzmann constant (1.38×10-23 J/K). A solar 

cell's power output is: 
 

𝑃𝑃𝑉  =  𝑉 × 𝐼 (3) 
 

𝐼 depicts the solar cell output current in amps, 𝑉 is the solar cell voltage in volts, and 𝑃𝑃𝑉  is the solar cell 

output power in Watts. Due to losses in the resistors, the voltage and current characteristics of the solar cell 

deviate from theoretical values. The maximum power generation of a PV solar system may be obtained using 

an MPPT approach to adjust the position of PV system panels. There are numerous control strategies that 

may be employed to acquire the greatest output power in solar systems. In the current study, we apply the 

perturb and observe (P&O) method. This technique measures a solar panel's output voltage and current. It 

then utilizes this data to determine if the DC-DC converter's duty cycle should be increased or reduced [21], 

[22]. When the operational point is to the right of the MPP, the P/V ratio is negative, and vice versa. When 

the P/V ratio is non-zero, the tracking system shifts the panel position until there are no changes in power or 

voltage. The PV system (I-V) and (P-V) characteristics appear in Figure 3. Figure 4 depicts the P&O 

algorithm as a flowchart [23].  
 
 

 
 

Figure 2. Circuit diagram of a PV-cell [20] 
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Figure 3. (V-I) and (P-V) solar cell characteristics in the current study [21] 
 

 

 
 

Figure 4. Flowchart depicting the P&O algorithm [23] 
 

 

2.3.  Boost converter 

Step-up converters, also known as boost converters are widely employed to enhance the DC output 

voltage of PV solar systems and achieve the DC bus voltage. Boost converter system losses will be reduced 

when voltage is increased. Figure 5 shows circuit diagram of this device. In the on position, the diode forms 

an open circuit and inductor L charges the device. However, in the off position, the diode conducts, so that 

input and inductor voltages are output. Capacitor C reduces the ripple factor of the output waveform [24]. 
 
 

 
 

Figure 5. Circuit diagram of a DC-DC step-up or boost converter [25] 
 

 

2.4.  Multilevel inverter 

Inverters convert direct current (DC) to alternating current (AC). They are commonly employed in 

domestic power applications including motors, UPS, and other devices. MLIs are becoming more common in 

high-power switching applications. Large switching frequencies reduce ripple in the output voltage or current 

waveform. This improves power quality. MLIs with a reduced number of switches have considerable 

problems in applications with high-frequency, high-power, and medium-voltage that are due to switching 

losses and device rating limits [26]–[28].  

Pulse width modulation (PWM) is a very effective control algorithm for inverter internal voltage 

regulation. In these applications, pulse width refers to the breadth of an output pulse. This is determined as the 

conduction time of each switch. For bridge inverters, each switch conducts for the duration of its gate pulse. 
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Here, the output pulse width is precisely proportional to the pulse period [29]. A phase disposition approach is 

used to disperse numerous trapezoidal carriers. The phase disposition approach has the benefit of being simple 

to implement and having lower overall harmonic distortion. To obtain the signal of the switches, these carriers 

are compared to a sine waveform referenced as V_sine. The switching frequency of an inverter is that same of 

as the carrier frequency. The carrier frequency is focused on harmonic energy in this approach. A phase 

placement approach is used to disperse the many triangular carriers, and this technique is called phase 

disposition [30]–[33]. The output pulse width changes with the gate pulse duration, adjusting and controlling the 

voltage. PWM is classified as one of two types depending on the method of gate pulse duration adjustment. 

Figure 6 shows a multicarrier PWM that uses a reference sine wave to create a seven-level voltage. 

In this study, logical design of a PWM controller is implemented. Figure 7 shows the proposed 

control based on PWM. Whenever the value of Ma is less than 0.33, there are only three values for the output 

voltage (+Vdc/3, 0, -Vdc/3). Output voltage is divided into five levels. Their modulation indices range from 

0.33 to 0.67 (+2Vdc/3, +Vdc/3, 0, -Vdc/3, -2Vdc/3). With a modulation index of 0.67 to 1, a seven-level 

output voltage is formed (+Vdc, +2Vdc/3, +Vdc/3, 0, -Vdc/3, -2Vdc/3, -Vdc), as seen in Table 1. 
 
 

 
 

Figure 6. A multicarrier and base sinusoidal signal of the proposed PWM controller 
 

 

 
 

Figure 7. Control of switches with an MLI based on the PWM technique 
 

 

Table 1. The proposed MLI with switching status and output voltage 
Voltage Level Sp3 Sp1 Sp2 S1 S2 S3 S4 

Vdc 1 0 0 1 0 0 1 
2/3 Vdc 0 0 1 1 0 0 1 

1/3 Vdc 0 1 0 1 0 0 1 

0 0 0 0 0 1 1 1 
-1/3 Vdc 0 1 0 0 1 1 0 

-2/3 Vdc 0 0 1 0 1 1 0 
-Vdc 1 0 0 0 1 1 0 

 

 

3. SIMULATION RESULTS 

Figure 8 depicts the proposed system, which was created using the MATLAB/Simulink application. 

Three PV systems with output DC voltages are used in this system (133.3 V, 266.6 V, and 400 V). The 
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temperatures are a constant 25 °C. Irradiance is 1000 w/m2. PV-1 and PV-2 have a total output power of 

2000 W, whereas PV-3 has a total output power of 3000 W. Figure 9 gives the (I-V) and (P-V) behavior of a 

selected PV panel. PV-1 and PV-2 systems are comprised of ten solar panels linked in parallel, with a 37.26 V 

output and a current of 53.7 A (10×5.37 A). Alternatively, PV-3, consists of 15 solar panels linked in parallel, 

with an output voltage of 37.26 V and a current of 80.55 A (15×5.37 A). Figure 10 shows the output voltage and 

current of three PV systems. Figure 11 is a circuit diagram of the boost converter implemented in MATLAB. 

The boost converter duty cycle (D) is [29]. 

 

𝐷 = 1 − 
𝑉𝑖𝑛

𝑉𝑜𝑢𝑡
 (4) 

 

Boost converter inductor and output capacitor behavior are given by (5) and (6), respectively, as 
 

𝐿𝑚𝑖𝑛 =  
𝐷 (1−𝐷)2 𝑅 

2 𝑓
 (5) 

 

𝐶 =  
𝐷

𝑅 (
∆𝑉𝑜
𝑉𝑜

)𝑓
 (6) 

 

where the (
∆𝑉𝑜

𝑉𝑜
) output ripple voltage is 1%, R is output resistance, and f is the frequency. Boost converter 

characteristics are given in Table 2. 
 

 

 
 

Figure 8. Proposed system implemented in the MATLAB program 
 

 

  
(a) (b) 

 

Figure 9. The (I-V) and (P-V) behavior of PV systems for (a) PV-1 and PV-2, (b) PV-2 and PV-33 
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(a) (b) (c) 

 

Figure 10. Output voltage and current output of (a) PV systems, for (b) PV-1 and PV-2, and (c) PV-3 

 

 

 
 

Figure 11. Boost converter design in MATLAB 
 

 

The PV sub-modules (i.e., PV-1, PV-2, and PV-3) are connected in series by switches (Sp1, Sp2, and 

S3). Switches pairs (S1, S4) and (S2, S3) operate alternately to achieve load voltage. These three PVs are linked 

to an MLI with seven switches. Here, the output voltage is exactly equivalent to the PV-3 voltage Vdc (400 V). 

PV-1 (1/3×400=133.3 V) and PV-2 (2/3×400= 266.6 V) are summed and are equivalent to the PV-3 output 

voltage. Figure 12 shows a seven-level voltage waveform with no LC filter. Figure 13 shows the same 

waveform with an LC filter. 

THD is a total harmonic distortion measurement, calculated as a proportion of an overall aggregate 

harmonic component power to the fundamental frequency power [30]–[33]. THD is a calculation that 

determines system linearity and power quality. The total harmonic current distortion at a rated inverter output 

is much less than 5% of the fundamental frequency current, per IEEE standards. THD of the output voltage 

was 16.7% and 1.13%, respectively, with and without an LC filter.  Proper design of LC filters reduces the 

harmonics. The THD with the LC filter from the MATLAB program is shown in Figure 14. 

When a system has multiple PV systems, contingency analysis is necessary to ensure overall system 

reliability. For example, if PV-1 leaves service, the system shall continue to function, providing the designed 

output voltage. However, this voltage will drop from seven down to five levels while the THD subsequently 

rises. Figure 15 shows the output voltage in a case where the PV-1 is out of service at 0.5 s with no LC filter. 

The THD of a five-level inverter, which includes PV-2 and PV-3, rose by 3.51%. Figure 16 depicts a case when 

PV-2 is off-line with no LC filter. The THD of this five-level inverter, with PV-1 and PV-3, increases to 4.19%. 

When all PV systems are operational, seven-voltage levels are delivered at the output and the THD is 1.13%. 
 

 

Table 2. Boost converter parameters 
PV No. Input voltage (V) Output voltage (V) Power (W) Duty cycle Inductor (mH) Capacitor (uF) 

1 37.26 133.3 2000 0.72 0.037.2 0.02 

2 37.26 266.6 2000 0.86 0.748 0.6 

3 37.26 400 3000 0.9 0.6 0.84 
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Figure 12. A waveform with seven levels and no LC filter 
 
 

 
 

Figure 13. A waveform with seven levels with an LC filter  
 

 

 

 
 

Figure 14. THD designed using the MATLAB program 
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Figure 15. Transitioning from seven to five output voltage levels in the case of a PV-1 outage 

 

 

 
 

Figure 16. Transitioning from seven to five output voltage levels in the case of a PV-2 outage 
 

 

4. COMPARISON WITH PREVIOUS WORKS 

Table 3 lists the major differences among several previous works that have been mentioned in the 

introduction section. Comparisons are made of the number of AC voltage levels, as well as the capability to 

change the number of levels, the quantity of DC sources, DC source types, and the type of DC/DC converter. In 

this table, it can be seen that the proposed work aims to keep the RMS value of its output voltage at the same 

value when shifting from seven levels to five levels. The output voltage remains at its peak value, unchanged in 

the case when one of the DC supplies is unavailable to supply DC voltage. In the case of [13], the number of 

voltage levels is modified via changing the modulation index. However, this will lead to a decreased output 

RMS voltage. Also, in [16], an inverter is shown that can work at 9, 17, and 25 levels, but switching from nine 

levels to seventeen levels or to twenty five levels is not specified. Furthermore, in [16], the utilization of the 

MPPT technique with renewable energy sources is not done. Accordingly, such techniques can be used with 

promising non-traditional renewable energy systems, such as thermoelectric modules [34], [35]. 
 

 

Table 3 Comparison of earlier research and the current study 
Type of DC/DC 

converter 
Type of DC sources 

Number of DC 
sources 

Possibility to change 
number of levels 

Number of AC 
voltage Levels 

Ref. No. 

Buck-Boost Wind turbine & PV 2 No 3 (Full Bridge type) [11] 

High step-up boost 

converter 

PV 1 No 5 [12] 

Not specified Not specified 1 Yes (through modulation 

index) 

7 [13] 

Zeta converter PV 1 No 7 [14] 
Not specified Wind turbine & PV 2 No 3 (Three-phase) [15] 

Not specified Not specified 3 Yes 25 [16] 
Boost converter PV (Three different 

systems) 

3 Yes (with maintaining its 

peak value) 

7 Proposed 

work 
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5. CONCLUSION 

MATLAB/Simulink was utilized to develop and simulate an inverter with seven levels that was 

supplied by solar systems in this study. PV-1 and PV-2 with (Vdc/3) and (2 Vdc/3) output voltages are two of 

the three PV systems recommended, whereas PV-3 has a different voltage (+Vdc). The control circuit was 

constructed using a multicarrier PWM method. The voltage waveform with an LC filter has a THD of 

roughly 1.13%, which is within the IEEE519-2014 standard range. The output waveform voltage will be five 

levels if either PV-1 or PV-2 is out of operation for any reason and the THD will increase. However, the LC 

filter design will maintain THD so that it is always within acceptable limits. This design worked successfully, 

showing effective control and power circuits that were developed and recommended in the current study. In 

the future, the use of seven-level inverter will be considered in practice with thermoelectric systems that were 

developed by the current author. Connection of the system with the grid will be made with the design of a 

suitable voltage controller as well. 
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